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22 Congruent visual cues augment sensitivity to brief olfactory presentations and habituation of 
23 odor perception is modulated by central-cognitive processing including context. However, it 
24 is not known whether habituation to odors could interact with cross-modal congruent stimuli. 
25 The present research investigated the effect of visual congruence on odor detection sensitivity 
26 during continuous odor exposures. We utilised a multi method approach including subjective 
27 behavioural responses and reaction times (study 1), and electroencephalography (EEG, study 
28 2). 
29 Study 1: 25 participants received 2 minute presentations of moderate intensity floral odor 
30 delivered via olfactometer with congruent (flower) and incongruent (object) image 
31 presentations. Participants indicated odor perception after each image. Detection sensitivity 
32 and reaction times were analysed in epochs covering the period of habituation. Study 2: 25 
33 new participants underwent EEG recordings during 145 s blocks of odor presentations with 
34 congruent or incongruent images. Participants passively observed images and intermittently 
35 rated perceived intensity of odor. Event-related potential analysis was utilised to evaluate 
36 brain processing related to odor-visual pairs across period of habituation.
37 Odor detection sensitivity and reaction times were improved by congruent visual cues. 
38 Results highlighted a diminishing influence of visual congruence on odor detection 
39 sensitivity as habituation occurred. ERP analysis revealed an effect of congruency on 
40 electrophysiological processing in the N400 component. This was only evident in early 
41 periods of odor exposure when perception was strong. For the first time, this demonstrates 
42 modulation of central processing of odor-visual pairs by habituation. Frontal negativity 
43 (N400) responses encode aspects of cross-modal congruence for odor-vision cross modal 
44 tasks.  
































































46 Integration of cross-modal sensory information in the brain is a dynamic, ongoing 
47 process that is subject to confounding top-down and bottom up influences which affect the 
48 individuals overall perception. Despite this, few studies investigate the interaction of 
49 olfactory-visual stimuli and, to our knowledge, none have considered whether typical 
50 confounding factors such as habituation to odor would affect this interaction. Whilst olfaction 
51 and vision operate via anatomically distinct brain pathways, both essentially serve the same 
52 function of object identification (Gottfried 2010). Research suggests a bi-directional 
53 relationship between vision and olfaction. Visual stimuli can facilitate odor detection 
54 (Gottfried and Dolan 2003) and identification (Dematte et al. 2009). Olfaction also influences 
55 fundamental aspects of visual processing, e.g., binocular rivalry studies (which present a 
56 different visual stimuli concurrently to each eye) show visual dominance occurring for the 
57 lateralised image matching the presence of a congruent, compared to incongruent, odor (Zhou 
58 et al. 2010). The precise mechanisms underlying the integration of olfactory and visual 
59 information in the brain are not fully understood, but may facilitate the effects of context and 
60 other top-down psychological influences (Robinson et al. 2015) or subjective experience 
61 (Amsellem et al. 2018).
62 Odor habituation describes the central-cognitive processes, s#uch as changes in brain 
63 and behavioral responsiveness or sensitivity to odor, which occur during prolonged periods of 
64 exposure (Dalton 2000). Neuroimaging research with Functional magnetic resonance imaging 
65 (fMRI) indicates that habituation is encoded in primary olfactory including piriform, 
66 entorhinal cortex and amygdala as well as higher order brain regions such as anterior insula 
67 and hippocampus (Poellinger et al. 2001). Understanding whether cross-modal cues would 
68 interact with the process of habituation has relevance for scientific understanding of the 































































69 interaction between these process, and also for commercial applications where long-lasting 
70 influence of fragrance is often desirable.  Appropriate visual cues could affect olfactory 
71 processing during habituation by redirecting attentional resources.  EEG studies have shown 
72 that focused attention increases olfactory event-related potentials (Geisler and Murphy 2000; 
73 Krauel et al. 1998; Masago et al. 2001; Pause et al. 1997), and fMRI studies report 
74 modulations of brain activation responses when attention is focused towards an odor (Plailly 
75 et al. 2008; Sabri et al. 2005; Veldhuizen and Small 2011; Zelano et al. 2005). Research from 
76 our group has also previously highlighted the influence of endogenous attention on the 
77 process of habituation (Fallon et al. 2018). 
78 Traditionally, multisensory integration was thought to occur in higher order 
79 integrative brain processing regions, but more recent evidence suggests that at least some 
80 aspects are represented in primary sensory brain regions and directly affect perception (Liang 
81 et al. 2013; Meyer et al. 2011). Animal models using in vivo extracellular recordings from 
82 the olfactory tubercle have demonstrated interaction between olfactory and auditory 
83 processing in this primary olfactory cortex (Wesson and Wilson 2010). fMRI studies have 
84 demonstrated an interaction effect for activation in orbitofrontal cortex, inferior parietal 
85 lobule and posterior cingulate cortices during cross-modal odor-visual processing (Gottfried 
86 et al. 2004). However, to our knowledge no research exists to consider if effects of cross-
87 modal interactions in primary or secondary olfactory cortices could be affected by olfactory 
88 habituation.  
89 Previously, electroencephalographic (EEG) recordings were analysed using event-
90 related potential analysis aligned to onset of images to study the effects of odors on visual 
91 processing (Bensafi et al. 2002; Castle et al. 2000; Grigor et al. 1999; Grigor 1995; Lorig et 
92 al. 1993; Lorig et al. 1995; Robinson et al. 2015). These studies generally utilised a variation 































































93 of an oddball paradigm, with a common-rare split of congruent and incongruent odor-visual 
94 pairs. The paradigm relies on the premise of olfactory priming, wherein the odor precludes 
95 the arrival of the visual stimuli and influences brain activity in a manner which leads to some 
96 quantifiable modulation of subsequent visual processing (Bensafi et al. 2002). We can index 
97 this modulation of visual processing using event-related potential (ERP) analysis of EEG 
98 data. 
99 In previous research, the most common waveform modulated by odor-visual 
100 congruence is the N400, a negative deflection in frontal electrodes occurring from 250-500 
101 ms after onset of visual stimuli which was previously proposed to encode the degree of 
102 congruence between an olfactory prime stimulus and the visual target (Bensafi et al. 2002). A 
103 recent review of N400 research concludes that it incorporates aspects of perception, attention, 
104 memory and semantics (Kutas and Federmeier 2011). The amplitude of this N400 wave was 
105 increased for incongruous and rare odor-visual pairs (Grigor et al. 1999; Grigor 1995), and 
106 modulation of the N400 wave has been demonstrated by studies using both pleasant 
107 (Sarfarazi et al. 1999) and unpleasant odor-visual pairs (Castle et al. 2000). Research from 
108 our lab previously identified modulation of the N400 component during affective face 
109 perception with hedonically congruent or incongruent odor priming (Cook et al. 2017). 
110 Together, this evidence suggests that odors may influence a late, semantic stage of visual 
111 processing as previously proposed (Grigor et al. 1999; Sarfarazi et al. 1999), although one 
112 recent study did not identify N400 differences and instead pointed towards an influence of 
113 odors on early (N1) visual processing (Robinson et al. 2015). It should be noted that few, if 
114 any, cross-modal EEG studies have focused on odor-detection outcomes. 
115 All previous research of olfactory-visual interaction utilised short bursts of odor with 
116 long inter-stimulus intervals to prevent habituation. Therefore, it is not known whether the 































































117 effects of odor-visual congruence influence the process of olfactory habituation. Furthermore, 
118 the brain mechanisms which govern the interaction of odor-visual processing, and how these 
119 fluctuate during perceptual changes during prolonged odor exposure, are not known. In this 
120 research, we first investigated the influence of congruent visual cues on olfactory 
121 performance during a period of prolonged odor exposure to induce olfactory habituation. To 
122 determine whether habituation modulated central processing of olfactory–visual pairs, we 
123 analysed neural responses to congruent and incongruent visual stimuli across a period of 
124 prolonged odor using event-related potential analysis and distributed source localisation 
125 analysis of EEG. We hypothesised that congruent visual cues would lead to improved odor 
126 detection sensitivity, but that this improvement would reduce due to the process of olfactory 
127 habituation during a prolonged exposure. Furthermore, we expected that late-semantic 
128 components of processing for odor-visual pairs would be differentially affected by effects of 
129 cross-modal congruence, and that this effect would be modulated as habituation occurred.
130 Methods
131 Participants
132 For study 1, 25 participants (12 males) aged 24.2 ± 3.62 years (mean ± SD) were 
133 recruited. A separate cohort of 25 participants (13 males) aged 23.2 ± 3.99years (mean ± SD) 
134 took part in study 2. In both cases, participants were recruited through digital and campus 
135 advertisements at the University of Liverpool. Written informed consent was obtained from 
136 all participants in accordance with the Declaration of Helsinki. The studies were approved by 
137 the University of Liverpool Research Ethics Committee. Participants aged between 18–35 
138 years were considered for participation and volunteers taking regular medication, or those 
139 suffering from respiratory, neurological or olfactory disease or disorders (according to self-
140 report) were excluded. Eligibility and sense of smell was assessed prior to the experiment 































































141 using the identification test from the ‘Sniffing Sticks’ odor test battery (Hummel et al. 1997). 
142 In this test, participants were asked to identify 12 odors from four visually presented options, 
143 and a minimum score of 9 correct probes was required for inclusion in either study. All 
144 volunteers were compensated for time and travel expenses. 
145 Odor stimuli
146 For both studies the floral-green fragrance ‘New Day’ (Unilever Ltd) was utilised at 
147 5% concentrations diluted in propylene glycol (1,2-Propanediol 95%, Sigma-Aldrich Co., 
148 USA). This concentration was found to be perceived as a moderate intensity following testing 




153 Participants attended the EEG laboratory in the Department of Psychological Sciences 
154 at the University of Liverpool. Participants were seated 1 metre from a 19 inch computer 
155 monitor and a PneumoTrace II Piezo-electric transducer was fitted around the torso at the 
156 level of the epigastrium to record respiratory movements (ADInstruments Pty Ltd., 
157 Australia). The experiment consists of 10 blocks of prolonged (120 s) odor exposure at a flow 
158 rate of 2.2 litres/minute, there was a 1 minute rest period between blocks when participants 
159 were exposed to a constant flow of clean air, which was passed through pure propylene 
160 glycol solution with a matching flow rate. Each block consisted of 20 trials which lasted for 6 
161 s each and consisted of a rest cross (1.5 s) followed by a picture presentation (0.5 s), blank 
162 screen (1 s) and a rating period (3s). Figure 1 shows the timeline of one experimental block. 
163 Each block contained 10 congruent pictures trials (flowers in a variety of arrangements on a 































































164 white background) and 10 incongruent stimuli (everyday objects on a white background). 
165 Each picture appeared twice in the experiment and the order of pictures was randomised in 
166 each block but conditions were alternated to maintain even spread of each congruent and 
167 incongruent trials throughout the period of odor exposure. During the rating period, 
168 participants were required to click either the left or right mouse button to indicate whether 
169 they detected any odor during the previous picture. Participants were informed that they may 
170 or may not smell an odor at any time during the experiment, that they should simply indicate 
171 of whether odor was present at that specific time. They were also instructed to give their 
172 response as quickly as possible. The lateralisation of the mouse button corresponding to 
173 detection was counterbalanced across participants. 
174 The olfactometer utilised was custom-made, with 8 individual flow valves each 
175 benefitting from variable flow-rates and a carbon filtered air intake (OL-2, Dancer design 
176 Ltd., UK). Odors where delivered via fluorinated ethylene propylene tubing of 2 mm 
177 diameter extending 2 cm below the nostrils. During the experiment, the ambient air in the 
178 chamber was constantly cleansed of residual odor using a carbon filtered Blueair 203 
179 Heppasilent Particle Filter system (Blueair AB, Sweden).
180 Odor detection and reaction time analysis 
181 Bad trials (were neither option was selected during the 3 s response period) were 
182 removed for each participant, these represented less than 1% of total trials. Response data 
183 was divided into 5 time windows which each represented 24 seconds of odor presentations to 
184 evaluate whether the influence of congruent and incongruent stimuli differed across the 
185 period of odor exposure. Odor detection sensitivity for each picture condition and time 
186 window was calculated the percentage of trials in each block when participants correctly 
187 detected the presence of odor. Mean reaction time (RT) for accurate and inaccurate responses 































































188 was calculated in each subject for each time window and condition following removal of 
189 improbable response trials (RT > 1.5 s or RT < 0.2 s).  Two-way within-subjects ANOVA 
190 analysis for odor detection and reaction time was performed in SPSS v.21 (SPSS Inc, 
191 Chicago, USA) to investigate effects of congruence (picture type; congruent-incongruent) 
192 and time (5 time periods of 24 seconds covering the 2 minute of exposure). Post-hoc t-tests 
193 were utilised to investigate significant interaction effects and a 95% confidence level was 
194 employed throughout. 
195 Study 2
196 Procedure
197 The second study also occurred in the EEG laboratory in the Department of 
198 Psychological Sciences at the University of Liverpool. Olfactometer and respiratory 
199 monitoring setup were identical to study 1. EEG was recorded continuously using a 129-
200 channel Geodesics EEG System (Phillips-Electrical Geodesics Inc., Eugene, Oregon, USA) 
201 with the sponge-based HydroCel Geodesic Sensor Net (HCGSN-128) with vertex reference. 
202 The sensor net was aligned with respect to three anatomical landmarks; two pre-auricular 
203 points and the nasion. The electrode-to-skin impedances were kept below 50 kW and the 
204 recording bandpass filter was 0.01−200 Hz. The sampling rate was 1000 Hz. 
205 The second experimental paradigm consisted of 15 blocks, 10 utilised prolonged (145 
206 s) odor exposure at a flow rate of 2.2 litres/minute and 5 blocks consisting of a continuous 
207 (145 s) flow of clean air at the same flow rate. Odorless blocks were interspersed evenly 
208 throughout the experiment with no two clean air blocks appearing consecutively (specifically 
209 in blocks 3, 5, 8, 10, 13). Order of blocks was consistent across participants. Again, a 1 
210 minute clean air rest period was utilised between blocks. Each block consisted of 40 trials 































































211 which lasted for 3 s each consisting of a blank screen (2 s) followed by a picture presentation 
212 (1 s). The ratio of trials was skewed so that each block contained 30 object picture trials 
213 (expanded library from previous study) and 10 flower stimuli (same as previous). Each 
214 picture appeared three times in the total experiment. The order of pictures was pseudo-
215 randomised in each block, with parameters to ensure that both conditions were dispersed 
216 equally across the block to allow for analysis including segmentation into time windows.  At 
217 the beginning of each block, and every thirty seconds thereafter, a rating scale appeared on 
218 screen (5 s) with a visual analogue scale for participants to rate their perceived level of odor 
219 intensity at that moment using a mouse click. The scale anchors ranged from ‘No odor’ to 
220 ‘Extremely Intense’. Figure 2 shows the timeline of one example experimental block. 
221 ERP analysis
222 EEG data was pre-processed using BESA v.6.0 (MEGIS, Germany). Data was 
223 spatially transformed into reference-free data using common average reference method 
224 (Lehmann 1987) and downsampled to 256 Hz. Oculographic and electrocardiographic 
225 artefacts were removed using principal component analysis (Berg and Scherg 1994)  in BESA 
226 v6.0 software. This is an interactive process where the user first manually identifies a 
227 prototypical eyeblink or electrocardiogram artefact complex in continuous data. This 
228 examplar complex is utilised in PCA to identify and remove all instances that match this 
229 pattern. No more than 2 artefact components (eye blink, electrocardiogram) were removed 
230 per participant and topographic maps of each individuals identified components were visually 
231 inspected to confirm typical topography before removal was performed.  Data was visually 
232 inspected for the presence of movement or muscle artefacts, and epochs contaminated with 
233 artefacts were manually excluded. The mean number of trials remaining following artefact 
234 correction was 72.1 ± 6.52 (mean ± SD) for flower pictures in odor condition (72% of total 































































235 possible trials), 221.4 ± 18.8 for object pictures in odor condition (73%), 105.04 ± 12.14 
236 (mean ± SD) for object pictures in clean air condition (70%), 35.96 ± 4.67 for flower pictures 
237 in clean air condition (72%). 
238 ERPs associated with the onset of each type of picture in each odor condition were 
239 exported for the interval ranging from -200 ms to 1000 ms relative to stimulus onset (307 
240 time points). This epoch was selected for ERP analysis as this period was found to adequately 
241 cover peaks in global field power and butterfly plots corresponding to the early, mid and long 
242 latency ERP components (Figure 5A). The baseline period was from -200 ms to 0 ms relative 
243 to the onset of the picture and EEG data was bandpass-filtered from 0.1 to 40 Hz. Finally, 
244 data was exported to Matlab v.8.10 (The Mathworks Inc, USA) for statistical analysis 
245 utilising EEGlab toolbox (Delorme and Makeig 2004). 
246 To investigate the impact of odor habituation on processing of congruent or 
247 incongruent visual images, ERPs from each odor and picture-type condition were segmented 
248 into five 24 s time windows which covered the period of exposure. To identify electrodes and 
249 ERP components suitable for investigation, we employed a collapsed functional localiser 
250 method (Luck 2014) which utilises averaged data collapsed across one or more experimental 
251 manipulations to identify spatio-temporal clusters of interest. Grand-average ERPs 
252 representing all odor-picture pair conditions were initially divided into five levels 
253 corresponding to the 5 time windows covering the period of prolonged exposure. A non-
254 parametric analysis was performed to investigate main effects of 5 levels of exposure time on 
255 brain processing of odor-visual pairs across all 129 electrodes and at every timepoint of the 
256 ERP. This analysis was performed using the Fieldtrip toolbox, implemented in EEGlab, and 
257 utilised 2000 permutations to counter the multiple comparisons required for investigation of 
258 spatio-temporal data (Maris and Oostenveld 2007). This analysis indicated a contiguous 































































259 cluster of frontal electrodes which demonstrated a significant effect of exposure time in the 
260 period 250-400 ms after picture onset (corresponding to frontal N400). Mean EEG voltages 
261 from this cluster and time period were exported for each participant in each odor, picture and 
262 time-window condition. N400 amplitudes were analysed using a 2×2 (odor×congruence) 
263 within-subjects ANOVA in SPSS v.21 (SPSS Inc, Chicago, USA) to investigate main effects 
264 and interactions of odor, picture type in each time window. A 95% confidence level was 
265 employed throughout.
266 Source reconstruction
267 Cortical sources of significant differences in ERPs were analysed using standardised 
268 Low Resolution Electromagnetic Analysis (sLORETA, (Pascual-Marqui 2002), implemented 
269 in LORETA v.200840-403 (www.keyinst.unizh.ch/loreta). sLORETA evaluates distributed 
270 electrical sources by smoothing the inverted images using a Laplacian smoothing operator to 
271 give cortical maps of electrical activity which show a good localisation accuracy (Greenblatt 
272 et al. 2005; Sekihara et al. 2005). Source maps were computed in a grid of 6239 voxels sized 
273 5×5×5 mm3, covering the entire cortical mantle. The sLORETA method was applied to 
274 localise the cortical sources contributing to the topographic configuration of ERP from any 
275 time window that demonstrated significant effects identified in scalp level analyses. Grand 
276 average sLORETA maps were generated representing the strongest cortical sources 
277 associated with all conditions using 5000 randomisations and an arbitrary T threshold (T > 
278 15) was implemented to restrict maps to distinct cortical structures indicative of strongest 
279 cortical sources of scalp ERPs.  Then, sLORETA values from each of these sources and for 
280 each condition were exported using 10mm diameter spherical region of interest (ROI) centred 
281 on the peak value of each cluster. The extracted values for each ROI were utilised in a 2×2 































































282 (odor×picture type) within subjects ANOVA to consider effects of congruence on source 




287 Subjective responses for perceived odor presence were recorded after each picture 
288 presentation and mean odor detection sensitivity (%) was calculated for each subject in each 
289 of 5 (24 s) time windows covering the period of odor exposure. A 2×5(picture type × time) 
290 within subjects ANOVA revealed a main effect of picture type (F(1,24) = 17.33, P < 0.001), 
291 with a greater proportion of accurate odor detections when flower pictures where presented. 
292 There was also a significant main effect of time (F(4,96) = 27.96, P < 0.001) with greater 
293 odor detection sensitivity evident in early time windows of the odor exposure. The standard 
294 interaction effect was not significant (F(4,96) = 2.38, P = 0.57), but the cubic interaction 
295 effect was highly significant (F(1,24) = 8.51, P = 0.008). This cubic polynomial represents an 
296 exponential model of change in odor detection sensitivity in congruent compared to 
297 incongruent conditions from early to later time windows of the odor exposure. Post-Hoc t-
298 tests indicate that congruent images lead to more accurate odor detection which is strongest in 
299 the first time window (t(24) = 6.44, P < 0.001), an effect that continues throughout the period 
300 of odor exposure until the difference is no longer significant in the final time window when 
301 odor intensity is lowest (t(24) = 1.1, P = 0.28). Figure 3A shows the mean sensitivity rate of 
302 detection for each time window.
303 Reaction times for correct odor detections following each type of picture presentation 
304 were exported and segmented into identical time windows. A 2×5(picture type × time) 































































305 ANOVA for RT’s revealed a significant effect of picture type (F(1,24) = 12.07, P = 0.002) 
306 demonstrating shorter reaction times required to correctly identify the presence of odor in the 
307 congruent, relative to incongruent condition. However, the main effect of time was not 
308 significant (F(4,92) = 2.20, P = 0.75), nor the interaction (F(4,92) = 0.24, P = 0.92). Figure 




313 Subjective intensity ratings
314 Subjective ratings of perceived odor intensity were recorded in 30 s intervals 
315 throughout each block. A 2×5(odor×time) within subjects ANOVA revealed a main effect of 
316 odor, with greater intensity ratings reported across all time points when odor was present 
317 (F(1,24) = 169.47, P < 0.001).  There was also a main effect of time, with higher odor ratings 
318 given at earlier time points in the exposure (F(1,24) = 30.80, P < 0.001).  The interaction 
319 effect was also significant, indicating a difference in the effect of odor presence across the 
320 different time periods. (F(1,24) = 18.63, P < 0.001). Post Hoc paired samples t-tests reveal a 
321 significant difference in perceived odor intensity between odor and clean air blocks at every 
322 time point as would be expected given the nature of the comparison. However, data indicate 
323 that the difference between odor conditions was greatest at the start of the presentations, and 
324 decreased in a linear fashion indicative of habituation as the exposure prolonged (Figure 4). 
325 ERP analysis 
326 To investigate effects of odor-visual congruence across the period of exposure, EEG 
327 amplitudes from a cluster of fronto-central electrodes in the period 250-400 ms after picture 































































328 onset (which demonstrated a main effect of prolonged odor presentation time in the localiser) 
329 were investigated. Visual inspection of ERPs and topographic maps for this period displayed 
330 a consistent negative potential component over frontal-central regions corresponding to 
331 N400. Figure 5 shows the butterfly plot of the grand average ERP data encompassing both 
332 odor and picture congruence conditions. N400 amplitudes corresponding to this time period 
333 and electrode cluster were exported for each individual participant for analysis utilising 2×2 
334 within subjects ANOVAs (odor×congruence) for each of the five time windows. 
335 A 2×2 (odor×picture type) within subjects ANOVA for the first time window (when 
336 odor perception was strongest) revealed a main effect of odor, with stronger frontal negativity 
337 from 250-400 ms in odor blocks relative to clean air blocks (F(1,24) = 6.34, P = 0.019).  
338 There was no significant effect of picture type for trials from the first (early exposure) time 
339 window, but the interaction was significant (F(1,24) = 7.37, P= 0.012) indicating a difference 
340 in the effect congruent, relative to incongruent, pictures depending on the presence of odor.  
341 Paired samples t-tests indicated greater N400 negativity in odor trials with congruent images 
342 (t(24) = -2.94, P = 0.007), which was not evident in clean air trials (t(24) = -1.36, P = 0.19). 
343 Figure 5 shows the average ERP curves from significant electrodes and bar charts illustrating 
344 mean amplitudes for each group and condition in the first time window, scalp isopotential 
345 maps of ERP components for each group and picture type are shown averaged across the 
346 N400 time window.  ANOVAs for the subsequent time windows covering the remainder of 
347 the prolonged odor exposure revealed no significant main effects of odor/picture type or 
348 significant interactions. 
349 Distributed source analysis
350 The sLORETA output for peak source generators of topographic ERPs in the N400 
351 time window (250-400 ms) are illustrated in figure 6. The activations represent grand average 































































352 of activity for all conditions in the first time window of odor exposures. Univariate analysis 
353 of sLORETA maps revealed 12 distinct clusters of activation. These regions included, 
354 bilateral orbitofrontal cortices; right inferior frontal gyrus; bilateral insula cortices; anterior, 
355 mid and posterior cingulate cortex, bilateral parahippocampal gyri; bilateral lingual gyri and 
356 right parietal cortex.  These regions represent the peak sources of activation during the N400 
357 component period for all conditions in the first period of odor and clean air blocks. We 
358 exported sLORETA values from each of these sources and for each condition using a 
359 spherical (10mm diameter) region of interest (ROI) centred on the peak value of each cluster. 
360 The values for each ROI were utilised in a 2×2 (odor×picture type) within subjects ANOVA 
361 but no regions exhibited any significant interaction effect which survived correction for 
362 multiple comparisons. 
363
364 Discussion
365 The findings of study 1 revealed an effect of odor-visual congruence for improved 
366 odor detection sensitivity which persisted throughout the period of exposure. However, odor 
367 detection sensitivity diminished over time and the cubic interaction between odor and picture 
368 type points to a fading influence of odor-visual congruence as habituation occurs. This 
369 supports our first hypothesis. Reaction time data for accurate odor detections in the congruent 
370 condition were shorter throughout the entire exposure, pointing to an influence of odor-visual 
371 congruence on central processing, but there was no evidence of any difference as the 
372 exposure progressed. This demonstrates that congruent visual cues did not significantly 
373 reduce the degree or scale of habituation, although they do improve detection sensitivity 
374 consistently across the whole exposure period. Study 2 expanded on the previous study to 
375 elicit understanding of how central processing of odor-visual perception may be affected by 































































376 the influence of congruence throughout habituation to prolonged exposure. ERPs relating to 
377 onset of picture presentation in the presence or absence of odor point to changes in 
378 electrophysiological processing of images over the period of exposure. A significant 
379 interaction effect (i.e., an influence of odor-visual congruency) was evident in the N400 
380 frontal negativity during the early period of odor exposure when perception was at its 
381 strongest level. During this early period when odor perception was strongest, congruent odor-
382 visual pairs elicited the strongest N400 negativity. Source analysis of the N400 component 
383 from trials in the early time window revealed a complex array of active sources relating to the 
384 scalp data. 
385 Our behavioural findings revealed that congruent odor-visual pairs resulted in a 
386 shorter response time and improved sensitivity which corresponds with previous research 
387 (Gottfried and Dolan 2003). However, we have expanded on this by demonstrating that, 
388 although congruence affects performance throughout the entire prolonged exposure period, 
389 habituation diminishes odor perception sensitivity and the influence of visual congruence. 
390 Previous studies reported enhanced frontal negativity with odor, relative to clean air, in an 
391 odor-visual pair paradigm (Lorig et al. 1993; Lorig et al. 1995), which accords with our own 
392 findings and which may suggest that frontal negativity is indicative of the influence of odor 
393 primes on subsequent visual processing. However, several previous studies have indicated 
394 that incongruent odor-visual pairs may be accompanied by enhanced N400 negativity (Castle 
395 et al. 2000; Grigor et al. 1999; Grigor 1995), which diverges from the congruence effect seen 
396 in the present study. However, these studies all utilised a minority (25%) of rare incongruent 
397 trials (opposite to the balance in the present study) and also requested explicit response to 
398 categorise stimuli as congruent or incongruent (not odor detection). In the present study, 
399 enhanced N400 could stem from the fact that congruent odor-picture pairs are the rare event 
400 in the current paradigm (at a frequency of 25%), and therefore represent an expectation 































































401 violation that could result in enhanced frontal negativity. Our findings suggest that the N400 
402 may encode aspects of salience of the stimuli, which can be boosted by either congruence or 
403 incongruence depending on rarity or context. This interpretation would be in agreement with 
404 the opinion that the N400 response may pertain to stimuli that violate a previously established 
405 context (Pratarelli 1994). An electrophysiological review also concluded that N400 represents 
406 a signature of complex processing encompassing aspects of perception, attention, memory, 
407 and semantics which combine to influence the manner in which we infuse our environment 
408 with meaning (Kutas and Federmeier 2011). 
409 In light of the literature, it would be overly simplistic to infer that the N400 
410 component in response to odor-visual pairs relates directly and solely to congruence, and this 
411 may explain why some previous crossmodal studies failed to elicit N400 differences (Bensafi 
412 et al. 2002; Robinson et al. 2015). Instead, we can view our findings, and previous research, 
413 as indicative that the N400 represents a valid research target for aspects of odor-visual 
414 processing which impact on interpretation of our environment. However, further research is 
415 required to fully elucidate the mechanisms by which this modulates perception. For example, 
416 in the present study we are limited by the fact that congruence effects cannot be dissociated 
417 from effects of rarity of stimuli. Furthermore, different odors offer different profiles of 
418 habituation (Sinding et al. 2017), which may also play a role in subsequent interaction with 
419 visual cues.  In future, it is possible that this experimental paradigm can be expanded to better 
420 facilitate the N400 as a research target, e.g., by using a wider range of odor-visual 
421 congruence pairings to better elucidate congruence (Sarfarazi et al. 1999),  or by refining the 
422 paradigm to incorporate participant feedback in the form of categorising the congruency of 
423 each pairing which was shown to improve N400 modulation in relation to context  in 
424 previous studies.































































425 One previous study utilised odor-visual pairs with an exposure time of 1 minute, but 
426 the researchers did not analyse the effect of time on central processing of odor-visual pairs 
427 (Sarfarazi et al. 1999). Therefore, our finding of N400 effects diminishing as odor exposure 
428 progresses gives the first indication that this component could be modulated by ongoing 
429 habituation to odor. Source localisation of the significant congruence effect in N400 points to 
430 a complex array of cortical sources, but perhaps of most relevance is the inclusion of bilateral 
431 orbitofrontal, insula and parahippocampal sources, and cingulate sources during the N400 
432 processing time period. Occipital sources in bilateral lingual gyri are most likely related to 
433 concurrent visual processing. Parahippocampal regions and orbitofrontal cortex were 
434 previously highlighted as regions with importance for the integration of odor-visual input 
435 using fMRI (Gottfried and Dolan 2003), and positron emission tomography revealed an 
436 integrative role for insula activation which was only present in cross-modal olfactory-
437 gustatory processing (Small et al. 1997). Previously, the conditioning of congruent odor-
438 visual stimuli was shown to evoke olfactory-like activation in orbitofrontal, insula, 
439 hippocampal and cingulate cortices for subsequent visual stimuli (Karunanayaka et al. 2015). 
440 Therefore, these regions are likely to be important for the interaction of odor-visual 
441 processing which contributes to a holistic percept in the human brain. 
442 To conclude, together our studies demonstrate an interaction between congruence of 
443 cross-modal odor-visual pairs and the ongoing process of habituation to odor. This highlights 
444 the existence of a relationship between of top-down psychological factors and the habituation 
445 process. Our previous research highlighted the influence of attention on habituation (Fallon et 
446 al. 2018), but the present findings begin to shed light on the impact of habituation on central-
447 cognitive cross-modal processing. The findings support the bidirectional relationship between 
448 odor-visual processing; congruent visual cues influence behavioural measures of odor 
449 perception, and odor also effects electrophysiological processing of visual cues. For the first 































































450 time we show evidence of a shift in the relationship as odors prolong and habituation occurs. 
451 Our findings also indicate support for the N400 component as a potential marker of the 
452 influence of context and congruence during odor habituation with cross-modal visual stimuli.
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454 Giesbrecht were employees of Unilever Ltd which manufactures fragranced homecare and 
455 personal products. Neither author was responsible for data analysis or experimental design of 
456 the current research.






























































457 Acknowledgements: This study was supported by Unilever Ltd. At the time this research 
458 was conducted, TG and AT were employees of Unilever Ltd who manufacture fragranced 
459 homecare and personal care products. 
460 References
461 Amsellem S, Höchenberger R, Ohla K. 2018. Visual–Olfactory Interactions: Bimodal 
462 Facilitation and Impact on the Subjective Experience. Chemical Senses 43: 329-339.
463 Bensafi M, Pierson A, Rouby C, Farget V, Bertrand B, Vigouroux M, Jouvent R, Holley A. 
464 2002. Modulation of visual event-related potentials by emotional olfactory stimuli. 
465 Neurophysiologie clinique = Clinical neurophysiology 32: 335-342.
466 Berg P, Scherg M. 1994. A multiple source approach to the correction of eye artifacts. 
467 Electroenceph Clin Neurophysiol 90: 229-241.
468 Castle PC, Van Toller S, Milligan GJ. 2000. The effect of odour priming on cortical EEG and 
469 visual ERP responses. Int J Psychophysiol 36: 123-131.
470 Cook S, Kokmotou K, Soto V, Fallon N, Tyson-Carr J, Thomas A, Giesbrecht T, Field M, 
471 Stancak A. 2017. Pleasant and unpleasant odour-face combinations influence face and odour 
472 perception: An event-related potential study. Behavioural Brain Research 333: 304-313.
473 Dalton P. 2000. Psychophysical and behavioral characteristics of olfactory adaptation. Chem 
474 Senses 25: 487-492.
475 Delorme A, Makeig S. 2004. EEGLAB: an open source toolbox for analysis of single-trial EEG 
476 dynamics including independent component analysis. Journal of Neuroscience Methods 134: 
477 9-21.
478 Dematte ML, Sanabria D, Spence C. 2009. Olfactory discrimination: when vision matters? 
479 Chemical senses 34: 103-109.
480 Fallon N, Giesbrecht T, Stancak A. 2018. Attentional modulation of desensitization to odor. 
481 Atten Percept Psychophys 80: 1064-1071.































































482 Geisler MW, Murphy C. 2000. Event-related brain potentials to attended and ignored olfactory 
483 and trigeminal stimuli. International journal of psychophysiology : official journal of the 
484 International Organization of Psychophysiology 37: 309-315.
485 Gottfried JA. 2010. Central mechanisms of odour object perception. Nature reviews. 
486 Neuroscience 11: 628-641.
487 Gottfried JA, Dolan RJ. 2003. The nose smells what the eye sees: crossmodal visual facilitation 
488 of human olfactory perception. Neuron 39: 375-386.
489 Gottfried JA, Smith AP, Rugg MD, Dolan RJ. 2004. Remembrance of odors past: human 
490 olfactory cortex in cross-modal recognition memory. Neuron 42: 687-695.
491 Greenblatt RE, Ossadtchi A, Pflieger ME. 2005. Local linear estimators for the biomagnetic 
492 inverse problem. IEEE Trans. Sig. Process. 53: 3403-3412.
493 Grigor J, Van Toller S, Behan J, Richardson A. 1999. The effect of odour priming on long 
494 latency visual evoked potentials of matching and mismatching objects. Chemical senses 24: 
495 137-144.
496 Grigor JA. 1995. Do the Eyes See What the Nose Knows - an Investigation of the Effects of 
497 Olfactory Priming on Visual Event-Related Potentials. Chemical senses 20: 163-163.
498 Hummel T, Sekinger B, Wolf SR, Pauli E, Kobal G. 1997. ‘Sniffin’Sticks': Olfactory 
499 Performance Assessed by the Combined Testing of Odor Identification, Odor Discrimination 
500 and Olfactory Threshold. Chem Senses 22: 39-52.
501 Karunanayaka PR, Wilson DA, Vasavada M, Wang J, Martinez B, Tobia MJ, Kong L, Eslinger 
502 P, Yang QX. 2015. Rapidly acquired multisensory association in the olfactory cortex. Brain 
503 and behavior 5: e00390.
504 Krauel K, Pause BM, Sojka B, Schott P, Ferstl R. 1998. Attentional modulation of central odor 
505 processing. Chem Senses 23: 423-432.































































506 Kutas M, Federmeier KD. 2011. Thirty years and counting: finding meaning in the N400 
507 component of the event-related brain potential (ERP). Annual review of psychology 62: 621-
508 647.
509 Lehmann D. 1987. Principles of spatial analysis. In: Gevins AS, Remond A, (eds.), Handbook 
510 of Electroencephalography and Clinical Neurophysiology: Methods of Analysis of Brain 
511 Electrical and Magnetic Signals Amsterdam: Elsevier. p. 309-354.
512 Liang M, Mouraux A, Hu L, Iannetti GD. 2013. Primary sensory cortices contain 
513 distinguishable spatial patterns of activity for each sense. Nat Commun 4.
514 Lorig TS, Mayer TS, Moore FH, Warrenburg S. 1993. Visual Event-Related Potentials during 
515 Odor Labeling. Chemical senses 18: 379-387.
516 Lorig TS, Turner JM, Matia DC, Warrenburg S. 1995. The Contingent Negative-Variation in 
517 an Odor Labeling Paradigm. Psychophysiology 32: 393-398.
518 Luck SJ. 2014. An introduction to the event-related potential technique. Cambridge, 
519 Massachusetts: The MIT Press.
520 Maris E, Oostenveld R. 2007. Nonparametric statistical testing of EEG- and MEG-data. J 
521 Neurosci Methods 164: 177-190.
522 Masago R, Shimomura Y, Iwanaga K, Katsuura T. 2001. The effects of hedonic properties of 
523 odors and attentional modulation on the olfactory event-related potentials. Journal of 
524 physiological anthropology and applied human science 20: 7-13.
525 Meyer K, Kaplan JT, Essex R, Damasio H, Damasio A. 2011. Seeing Touch Is Correlated with 
526 Content-Specific Activity in Primary Somatosensory Cortex. Cereb Cortex 21: 2113-2121.
527 Pascual-Marqui R. 2002. Standardized low resolution brain electromagnetic tomography 
528 (sLoreta): technical details. Meth. Find. Exp. Clin. Pharm. 24D: 5-12.































































529 Pause BM, Sojka B, Ferstl R. 1997. Central processing of odor concentration is a temporal 
530 phenomenon as revealed by chemosensory event-related potentials (CSERP). Chem Senses 22: 
531 9-26.
532 Plailly J, Howard JD, Gitelman DR, Gottfried JA. 2008. Attention to odor modulates 
533 thalamocortical connectivity in the human brain. The Journal of neuroscience : the official 
534 journal of the Society for Neuroscience 28: 5257-5267.
535 Poellinger A, Thomas R, Lio P, Lee A, Makris N, Rosen BR, Kwong KK. 2001. Activation 
536 and habituation in olfaction--an fMRI study. NeuroImage 13: 547-560.
537 Pratarelli ME. 1994. Semantic processing of pictures and spoken words: evidence from event-
538 related brain potentials. Brain and cognition 24: 137-157.
539 Robinson AK, Reinhard J, Mattingley JB. 2015. Olfaction modulates early neural responses to 
540 matching visual objects. Journal of cognitive neuroscience 27: 832-841.
541 Sabri M, Radnovich AJ, Li TQ, Kareken DA. 2005. Neural correlates of olfactory change 
542 detection. NeuroImage 25: 969-974.
543 Sarfarazi M, Cave B, Richardson A, Behan J, Sedgwick EM. 1999. Visual event related 
544 potentials modulated by contextually relevant and irrelevant olfactory primes. Chemical senses 
545 24: 145-154.
546 Sekihara K, Sahani M, Nagarajan SS. 2005. Localization bias and spatial resolution of adaptive 
547 and non-adaptive spatial filters for MEG source reconstruction. NeuroImage 25: 1056-1067.
548 Sinding C, Valadier F, Al-Hassani V, Feron G, Tromelin A, Kontaris I, Hummel T. 2017. New 
549 determinants of olfactory habituation. Scientific reports 7: 41047-41047.
550 Small DM, Jones-Gotman M, Zatorre RJ, Petrides M, Evans AC. 1997. Flavor processing: 
551 more than the sum of its parts. Neuroreport 8: 3913-3917.
552 Veldhuizen MG, Small DM. 2011. Modality-specific neural effects of selective attention to 
553 taste and odor. Chem Senses 36: 747-760.































































554 Wesson DW, Wilson DA. 2010. Smelling sounds: olfactory-auditory sensory convergence in 
555 the olfactory tubercle. The Journal of neuroscience : the official journal of the Society for 
556 Neuroscience 30: 3013-3021.
557 Zelano C, Bensafi M, Porter J, Mainland J, Johnson B, Bremner E, Telles C, Khan R, Sobel N. 
558 2005. Attentional modulation in human primary olfactory cortex. Nature neuroscience 8: 114-
559 120.
560 Zhou W, Jiang Y, He S, Chen D. 2010. Olfaction Modulates Visual Perception in Binocular 
561 Rivalry. Curr Biol 20: 1356-1358.
562
563
































































565 Figure 1. Flowchart of an example block from Study 1. Each odor block contained 20 (6 s) 
566 trials comprising a rest cross (1.5 s), picture presentation (0.5 s), blank screen (1 s) and a 
567 response period (3s).
568 Figure 2. Flowchart of an example block from Study 2. Each block of odor or clean air  block 
569 contained 40 trials which lasted for 3 s consisting of blank screen (2 s) followed by a picture 
570 presentation (1 s) with 30 incongruent and 10 congruent trials. Participants rated odor intensity 
571 at the beginning of each block and every 30 s thereafter. 
572 Figure 3A. Mean odor detection sensitivity (%) throughout the period of odor exposure, and 
573 B, mean reaction time (s) for correct responses to odor detection for congruent (blue) and 
574 incongruent (red) odor-visual pairs. Error bars illustrate 95% confidence intervals.
575 Figure 4. Mean subjective ratings of odor intensity throughout the period of exposure for clean 
576 air (red) and odor (blue) blocks. Error bars illustrate 95% confidence intervals.
577 Figure 5A. The butterfly plot of grand averaged data from all odor and picture conditions 
578 representing the ERP associated with onset of picture stimuli from all electrodes. The period 
579 of N400 negativity established from previous studies is highlighted. B Mean event-related 
580 potential for each picture type and odor condition in the early period of odor/clean presentations. 
581 The ERPs represent the average data from the cluster of electrodes identified by omnibus 
582 analysis (white circles panel D), the grey rectangle indicates the period demonstrating a 
583 significant interaction between odor condition and picture type. Red = Odor condition with 
584 incongruent object pictures; blue = odor and congruent flower pictures; Green = clean air with 
585 object pictures; black = clean air condition with flower pictures.  C Bar chart illustrating the 
586 mean amplitude and standard error bars for the N400 component (250-400 ms, grey rectangle, 































































587 Panel B) from select electrodes. D Scalp isopotential maps demonstrating the topography of 
588 the ERP for each condition during the period 250-400 ms after picture onset.
589 Figure 6. Axial montage illustrating the peaks of source activation throughout the whole brain 
590 identified by univariate analyses (T>15) of grand average data in the early time window (which 
591 demonstrated an interaction between odor and picture type in scalp analyses).  































































Figure 1. Flowchart of an example block from Study 1. Each odor block contained 20 (6 s) trials comprising a 
rest cross (1.5 s), picture presentation (0.5 s), blank screen (1 s) and a response period (3s). 































































Figure 2. Flowchart of an example block from Study 2. Each block of odor or clean air  block contained 40 
trials which lasted for 3 s consisting of blank screen (2 s) followed by a picture presentation (1 s) with 30 
incongruent and 10 congruent trials. Participants rated odor intensity at the beginning of each block and 
every 30 s thereafter. 































































Figure 3A. Mean odor detection sensitivity (%) throughout the period of odor exposure, and B, mean 
reaction time (s) for correct responses to odor detection for congruent (blue) and incongruent (red) odor-
visual pairs. Error bars illustrate 95% confidence intervals. 































































Figure 4. Mean subjective ratings of odor intensity throughout the period of exposure for clean air (red) and 
odor (blue) blocks. Error bars illustrate 95% confidence intervals. 































































Figure 6. Axial montage illustrating the peaks of source activation throughout the whole brain identified by 
univariate analyses (T>15) of grand average data in the early time window (which demonstrated an 
interaction between odor and picture type in scalp analyses).   
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